The sponge homeobox gene EmH-3 had not been attributed to any homeobox family. Comparative promoter and homeodomain sequence analyses suggest that it is related to the Hox11 gene, which belongs to the Tlx homeobox family. Hox11 is highly expressed in proliferating progenitor cells, but expression is downregulated during cell differentiation. Using reporter gene methodology, we monitored function of the sponge EmH-3 promoter transfected into human erythroleukemia K562 cells. These cells express the Tlx/Hox11 gene constitutively, and downregulate its expression upon differentiation. The same pattern of expression and downregulation was observed for the sponge reporter construct. We propose that Tlx/Hox11 genes have structural and functional homologies conserved in phylogenetically distant groups, that represent a deep homology in the regulation of cell proliferation, commitment and differentiation. q
Introduction
Acquisition of the multicellular level of organization was a major innovative step in evolution. The coordinated integration of several cell types in a higher functioning organism gave rise to all the extant animals. While classical cytological studies have already shown that multicellular organisms share cell structure characteristics with protists, the question of which protist group(s) harbor(s) the precursors that evolved from complex colonies to true multicellular animals, the Metazoa, remains open (Hyman, 1940; Hadzi, 1953; Willmer, 1970) . Recently, molecular studies have shown that: (1) Metazoa are monophyletic (Shenk and Steele, 1993; Müller, 1995) ; (2) sponges are the most ancient and primitive multicellular organisms (Borchellini et al., 1998 (Borchellini et al., , 2001 Zrzavy et al., 1998) ; and (3) among the Protista, choanoflagellates are the sister group of sponges and consequently of all the Metazoa (Wainright et al., 1993) . The significance of these postulates is that molecular mechanisms underlying cell integration in multicellular organisms arose, at least in part, during the evolutionary step from choanoflagellates to sponges.
Multicellularity involves the ordered determination of cell fate and spatial distribution during embryogenesis, and homeostatic maintenance of different and cooperating cell types in the adult. Recent studies of both phenomena have stressed the importance of stem cells, characterized by their self-renewal potential and capacity to give rise to several differentiated cell types following specific induction stimuli (Blau et al., 2001) . The retention of the undifferentiated phenotype versus engagement in differentiation is thus one of the key-points in the regulation of tissue structure and function in multicellular organisms. Stem cell systems are already present in the most primitive metazoans. Previous studies showed that sponge cell populations are organized as a single stem cell system, in which archaeocytes can produce all cell types including the germ cells (Borojevic, 1966 (Borojevic, , 1970 .
In higher organisms, homeobox genes are important in the control of cell fate, proliferation and differentiation. We searched for homeobox sequences in sponges and, initially, we identified EfH-1 (for Ephydatia fluviatilis homeobox sequence) (Coutinho et al., 1994) , followed by the orthologous EmH-3 gene detected in Ephydatia muelleri (Richelle-Maurer et al., 1998) . The former gene was also identified by Seimiya et al. (1994) and named prox2 (for Porifera homeobox gene). Subsequently, several other homeobox genes belonging to different homeobox subfamilies were identified in demosponges (Seimiya et al., 1997; Hoshiyama et al., 1998; Degnan et al., 1995) . Recently, Manuel and Le Parco (2000) extended this list to calcareous sponges, and assembled a phylogenetic analysis of all sponge homeobox genes. They suggested the following classification for sponge gene groups that are related to the well-defined homeobox classes of other animals: Msx ( prox3 - Seimiya et al., 1994) , NK2 ( prox- 1 -Seimiya et al., 1994; SrNkxA, SrNkxB, SrNkxC, SrNkxDManuel and Le Parco, 2000) , POU (spou-1 and spou-2 - Seimiya et al., 1997) , and Pax (sPax2/5/8 - Hoshiyama et al., 1998) . A group of several genes (EmH-3, prox2, EfH1, SpoxTa1 -Coutinho et al., 1994; Degnan et al., 1995) was considered to have no obvious orthologous relationship to bilateralian homeobox genes.
In the present study, we have focused our attention on the latter group of genes, and have compared their sequences with those of a series of homeobox genes from invertebrates and vertebrates. Here we propose the inclusion of EmH-3, prox2, EfH-1 and SpoxTa1 into the Tlx homeobox gene family. The homology between EmH-3 and Tlx genes was further studied by monitoring gene function and expression in a heterologous assay system. The human Tlx gene Hox11/tcl3 (homeobox gene/T-cell leukemia), was originally isolated as a proto-oncogene associated with human T-cell leukemias (Kennedy et al., 1991; Lu et al., 1991) . Oncogenic activity of Hox11 has been confirmed in bone marrow cells in vitro following cell infection with retroviruses containing the gene (Hawley et al., 1994) . The Hox11 protein is now known to regulate the cell cycle, interacting with cell-cycle controlling phosphatases (Kawabe et al., 1997) . Similarly, RT-PCR analysis indicates that expression of EmH-3 is correlated with cell replication in sponges, being most intense in an enriched population of proliferating sponge stem cells, the archaeocytes (Richelle-Maurer et al., 1998; Richelle-Maurer and Van de Vyver, 1999) . Both archaeocyte differentiation and EmH-3 expression were responsive to retinoic acid (Nikko et al., 2001) , which is a morphogen in higher animals.
Genes of the Tlx family contribute to homeobox gene clusters, forming the vertebrate NKL and Drosophila 93DE complexes. They encode related homeodomain primary structures, and share the Eh1 repression domain at the amino-terminal region (Pollard and Holland, 2000; Jagla et al., 2001) . Moreover, NKL and 93DE gene complexes appear to share homologous functions: they are involved in a network of gene interactions that govern progressive cell fate decisions during mesoderm development. The fact that the location of the Tlx locus is evolutionary conserved indicates the importance of the relative position of coding sequences and controlling elements within functional gene clusters.
Considering: (1) the similarity between sponge EmH-3 and Tlx homeodomain genes from other animals; (2) the position of the Tlx locus in gene complexes; and (3) the regulation of gene expression in proliferating and differentiating stem cells, we expected that some features of their promoters would also be evolutionary conserved. The activity of the EmH-3 proximal promoter was already tested in the murine 3T3-cell line, using a reporter gene strategy. Positive and negative regulatory regions were identified, suggesting the existence of common transcriptional machinery in sponge and vertebrate cells . This heterologous approach has been now used to test the activity of regions of the sponge EmH-3 promoter in two cell lines: a human erythroleukemia cell line K562 (Lozzio and Lozzio, 1975) and Fedora, a murine myeloid progenitor cell line that can be induced to differentiate into granulocytes. K562 cell line was chosen because: (1) it represents a proliferating blood cell progenitor that can express characteristics of the fetal erythropoiesis (Miller et al., 1984; Sabath et al., 1998) ; (2) it can be induced to differentiate in vitro (Andersson et al., 1979) ; and (3) it expresses the endogenous Hox11 gene (Brake et al., 1998) . We assessed whether the differentiation of the blood cell progenitor that is potentially controlled by the endogenous Hox11 gene can influence the activity of the sponge EmH-3 promoter, in which we now found conserved putative binding domains when compared to the mammalian promoter region. As a control, we monitored the activity of the EmH-3 promoter in the Fedora cell line, which does not express the Hox11 gene, can be induced with retinoic acid to differentiate into granulocytes, and represents a later progenitor stage in the blood cell differentiation cascade. We found that sponge reporter constructs and mammalian homologue genes were regulated in the same manner in cultured cells, indicating deep structural and functional homologies among sponge and mammalian homeobox genes.
Results

Phylogenetic analysis of sponge homeobox genes
The aims of the initial comparative sequence analysis were to identify the orthologous homeobox genes present in sponges, and to determine which of these genes are present in higher metazoans and situated within murine, human or Drosophila NKL/93DE-type complexes. Homeodomains of genes that are found in the NKL complex, complete sponge homeodomain sequences, and those that have been already reported to be closely related to at least one of the known sponge homeodomains were extracted from the NCBI GenBank.
Sequences were aligned and a dendrogram was built by the neighbor-joining procedure (Saitou and Nei, 1987) (Fig.  1) . The branches of the dendrogram indicate distinct groups of genes, some of which contain sponge genes. The sponge prox1 and prox3 genes were grouped with genes of the NK3 and Msh (Msx) families, respectively, as previously described by Seimiya et al. (1994) . EmH-3 clustered with the Tlx genes with a low bootstrap support (25), leaving some doubt as to whether EmH-3 is a member of the Tlx or Lbx homeobox gene family. Since parsimony is more suitable for the analysis of smaller groups of closely related sequences (Mount, 2000) , we have used it to assess the position of EmH-3. Parsimony analysis resolved the position of EmH-3 in the Tlx group, supported by the bootstrap value of 86 (Fig. 2 ).
An additional argument supporting this interpretation comes from the alignment of protein sequences closely related to the predicted protein encoded by the sponge EmH-3 gene, which reveals the presence of a conserved Eh1 repressor domain. Eh1 has been previously described in engrailed, goosecoid and in gene families of the NKL complex. It is thought to act as a protein-protein binding domain mediating transcriptional repression of target genes (Smith and Jaynes, 1996) . Among the eight amino acids of the Eh1 domains of EmH-3 and human Hox11 proteins, 60% are identical and 12% are conservative substitutions (Fig. 3 ).
Promoter structural analysis
Since Tlx and EmH-3 form a group of closely related genes, we have searched for evidence of conserved promoter regions. DNA sequence of an approximately 1 Kb region, upstream of the EmH-3 translation-initiation site, was aligned with the corresponding region of Tlx genes from the mouse, human and Drosophila genomes. Fig. 4 shows the position of putative elements that were identified from the aligned promoter sequences. The Drosophila C15 promoter has the conserved elements shifted compared to the others, suggesting a deletion in the 3 0 region that occurred in the insect branch of evolution. The identified promoter elements are putative binding sites for transcription factors of the following families: TCF-1, CAAT binding protein, LMO2, USF-1 and Ikaros. Although a gel shift analysis should be undertaken in order to asses the affinity of association of these nuclear factors for the putative binding sites, conservation of relatively long sequences among distant animal groups is highly suggestive of their functional relevance in control of gene expression.
Promoter functional analysis
To extend the analysis of the Tlx promoters, we undertook a comparative functional analysis of the regulation of Tlx expression. We determined whether the EmH-3 promoter is modulated by the state of differentiation of K562 cells that express the endogenous Hox11 gene (Brake et al., 1998) . As a control, expression of the EmH-3 promoter construct was assayed in mouse Fedora cells that do not express the endogenous Hox11 gene (Fig. 5) . As expected, the K562 and Fedora cells differentiated when exposed to butyrate or retinoic acid, respectively (Andersson et al., 1979) . Following treatment, the K562 cells decreased their rate of proliferation and enlarged. The cytoplasm became more eosinophilic and contained inclusions. In retinoic acid-treated Fedora cells, the major morphological change was the formation of ring-form nuclei, typical of murine granulocyte progenitors (Fig. 6) .
Semi-quantitative RT-PCR analysis confirmed that undifferentiated proliferating K562 cells, but not differentiated ones, expressed the endogenous Hox11 gene (Brake et al., 1998) . Hox11 expression was undetectable in K562 cells treated with 1 mM sodium butyrate, which had no effect on transcription of the constitutively expressed gapdh gene (Fig. 7) . The 1 mM concentration of butyrate was also required for induction of the decrease of K562 cell growth (data not shown), in accordance with the previously published data (Andersson et al., 1979) . Since K562 cells responded to butyrate induction and possessed the necessary components to regulate expression of Hox11, the response of the sponge promoter was assayed using this heterologous model. Different regions of the EmH-3 promoter were fused with the luciferase gene of the pGL2 vector (Fig. 8) . The constructs were transiently transfected into K562 cells and into control Fedora cells under two different growth conditions: with and without induction of differentiation. Enzymatic detection of luciferase activity was measured in extracts prepared from cells under each experimental condition. Luciferase activities dropped almost to zero when K562 cells were grown under butyrate induction. However, no change in gene expression was observed in similarly treated cells transfected with a positive control that expressed the luciferase gene constitutively (Fig. 9) . The modification of EmH-3 gene expression induced by differentiation was much less pronounced in Fedora cells. The greatest reduction of luciferase activity following the retinoic acid treatment was observed in cells containing a 323 bp promoter fragment, and was only half of the control value (Fig. 10) . We conclude that the sponge EmH-3 promoter is regulated in a similar manner to the corresponding endogenous gene, but only in a cell line that shows expression of the mammalian orthologue.
Discussion
The present study was done to shed new light on the relationship of a group of sponge homeobox genes with similar genes in higher animals. The neighbor-joining followed by the maximum parsimony analysis indicated that the sponge EmH-3 homeobox gene belonged to the Hox11/Tlx gene family. The presence of the Eh1 repressor domain on EmH-3 further supports that the EmH-3 gene is homologous to the ancestral NKL complex. Additional support for this classification was obtained by the examination of the EmH-3 promoter sequence, in which putative binding sites for a number of transcription factors were found to co-localize with those found in Drosophila, mouse and human Tlx promoter regions. Pollard and Holland (2000) hypothesized that the ancestor of the Drosophila/murine/human NKL cluster contained the following loci: Msx, NK6, Hmx, Emx, Vax, NK1, Tlx, Lbx, NK3 and NK4. Some of these loci, namely Msh, NK3 and Tlx, have sponge homologues. We propose that these genes belong to an ancient group from which the NKL complex evolved (Fig. 11) . Since none of the sponge homeobox gene families are found in non-metazoans, results of the comparative analysis suggest that the Msh, NK3, and Tlx genes appeared in early steps of the Metazoa evolution, more than one billion years ago. Alternatively, but less probable, these gene families could have existed in other groups that do not contain them now (prokaryotes, fungi, protozoans and plants), and were subsequently lost.
The structural analogies suggest a common function, and we have tested this hypothesis by transfecting the reportercontaining constructs of the sponge EmH-3 promoter into mammalian cells. Not only was the sponge promoter operational in the human intracellular environment, but it was also expressed in a coordinate pattern with the endogenously expressed Hox11 gene. Members of the Tlx homeobox gene family appear to be highly expressed in proliferating progenitor cells, and down-regulated when cells differentiate. This is reminiscent of the previously observed expression of EmH-3 gene in sponge archaeocytes (Richelle-Maurer and Van de Vyver, 1999) . Thus, this pattern of regulated gene expression represents a deep homology bridging the gap between the most primitive and most complex multicellular organisms.
We have previously reported the presence of conserved small regions within the EmH-3 and prox2 promoters, suggesting that they are putative upstream promoter elements for transcriptional control (PUPE) . We have now extended this analysis to include the corresponding promoter regions of related genes from phylogenetically distant animals. Conservation of the overall nucleotide sequences was not detected. Nevertheless, the search for PUPEs revealed the presence of distinct elements at similar positions and in the same order in the promoters of the sponge, Drosophila, mouse and human Tlx genes. The distance among these elements is approximately 50-100 bp and they are positioned in the following sequence: Tcf1, Lmo2, CAAT, USF and IK. All of these elements participate in the control of proliferation and differentiation of mesenchymal cell types, and in particular in hematopoi- esis, including early yolk sac hematopoiesis represented by the K562 cell line model (Wall et al., 1996; Sabath et al., 1998 ). An increasing list of transcription factors are known to bind to these PUPEs. The transcription factors are frequently oncogenes. Loss-of-function mutations result in leukemia, suggesting that they function as negative regulators of sustained progenitor cell proliferation (Hawley et al., 1997; Visvader et al., 1997; Brake et al., 1998; Nichogiannopoulou et al., 1999) . One of the caveats of multicellular organization is that cells have to coordinate the intense progenitor proliferation that generates the required cell mass with the partial or terminal differentiation that generates diverse cell populations with specialized functions. In early mouse development, cells express only low levels of homeobox genes that become highly expressed with the onset of hematopoiesis, remain high in hematopoietic stem cells in both embryonic and adult stages of hematopoiesis, but are down-regulated in maturing blood cells (Pineault et al., 2002) . In sponges, no information on gene expression pattern in embryos is available. Gemmules are hibernating asexual reproduction bodies, containing only archaeocytes that are resting totipotent cells. An increase in EmH-3 is required for hatching of gemmules, when archaeocytes are activated to proliferate and subsequently engage into differentiation of a functional aquiferous system (Richelle-Maurer and Van de Vyver, 1999 ). An early decrease of EmH-3 expression in hatching gemmules, induced by retinoic acid, disturbs reversibly the normal sponge development (Nikko et al., 2001) . We understand that the ordered activation and downregulation of homeobox gene expression, similar to that observed in mouse hematopoiesis, is required for the normal sponge development.
It should be noted that the K562 cells used in this study represent embryonic blood cell precursors, with molecular characteristics of the yolk sac stage of hematopoiesis (Miller et al., 1984) . Besides the extraembryonic erythropoiesis, yolk sac produces primitive macrophages, whose destiny is not well known, but which have been proposed to be one of the origins of resident tissue macrophages of the adult (Yamashita, 1996) . The analogy of macrophages and sponge archaeocytes has been underlined in the seminal study of cytology and evolution by Willmer (1970) . We have already argued that archaeocytes normally function as active macrophages in the adult sponge, but can acquire the function of stem cells in repair and regeneration, in gametogenesis, or under stressful conditions (Borojevic, 1966 (Borojevic, , 1970 . The molecular mechanisms that govern the choice between proliferation and differentiation have been apparently created during the initial major step of development of multicellularity, and remarkably conserved during evolution.
Taken together, our study indicates that fundamental regulatory events required for an operational multicellular organization have appeared very early in evolution. The nuclear factors that govern cell proliferation and differentiation have been sufficiently conserved to be functional on the sponge promoter in the environment of a human cell line.
Material and methods
Homeodomain sequence analysis
Homeodomain sequences closely related to at least one of the known sponge homeobox genes and the homeodomains from families present in NKL complex were searched by the 'tblastn' option in the www BLAST server (www.ncbi.nlm.nih.gov). The POU and Pax families were not included in this analysis. Alignment of homeodomain sequences was done using CLUSTAL W program as Multiple Sequence Alignment method (Thompson et al., 
Eh1 domain
The assessment of the conserved domains among 
Promoter sequence analysis
The 1 kb DNA sequence upstream to the translation initiation site of EmH-3 and the plasmid constructs with EmH-3 promoter fragments of 2 538, 2 498, 2 401, 2 323, 2 279, 2 231, and 2 173 were previously described . DNA sequences from human (Hox11 -h), mouse (Hox11 -m), Drosophila (C15) and sponge (EmH-3) promoters (1 Kb) were aligned using CLUSTAL W software (Version 1.8) (Thompson et al., 1994) . Each promoter sequence was independently searched for putative binding site elements using the default adjustment of the TFSEARCH program (http://www.cbrc. jp/research/db/TFSEARCH.html). This program correlated sequence fragments against TFMATRIX transcription factor binding sites in the 'TRANSFAC' databases (http:// transfac.gbf.de/TRANSFAC/) (Heinemeyer et al., 1998) . TRANSFAC covers the whole range of eukaryotic cisacting regulatory DNA elements and trans-acting factors from yeast to humans. The putative binding elements of each promoter were manually compared. The elements that were located at the same position in the aligned promoters of all species were pointed out and defined as putative evolutionary conserved elements. Fig. 8 presents a correlation between the putative conserved elements of the EmH-3 promoter and different fragments of the EmH-3 promoter fused with the luciferase gene that were used in the present study.
Semi-quantitative RT-PCR for Hox11 on normal and induced K562 cells
Cultures of K562 cells were divided in five groups: controls and cultures induced with 0.001, 0.01, 0.1 and 1 mM butyrate during 72 h. RNA was extracted by standard protocols using Trizol Reagent (Gibco BRL, Gaithersbourgh, MD, USA). The total RNA was dissolved in water and quantified. Five mg RNA were reverse-transcribed into cDNA, and amplified by PCR with cycle numbers increasing from 25 to 30 and 35. 
RT-PCR for Hox11 on native Fedora cell line
Fedora RNA was extracted by standard protocols using Trizol Reagent (Gibco BRL, Gaithersbourgh, MD, USA). The total RNA was dissolved in water, quantified and stored at 2 208C. Five mg RNA were reverse-transcribed into cDNA, and amplified by PCR with the same primers used for K562 cell cDNA and the same amplification program.
4.6. Promoter activity assay in native and induced K562 and Fedora cell lineages K562, the human erythroleukemia cells and Fedora, the murine granulocyte precursors, were obtained from the Rio de Janeiro Cell Bank (PABCAM, Federal University, Rio de Janeiro, RJ, Brazil). They were maintained in RPMI 1640 medium (SIGMA Chemical Company, St Louis, MO, USA) with 10% fetal bovine serum (FBS, GIBCO), 0.1 mg/ml penicillin and 100 U/ml streptomycin. The proliferating undifferentiated K562 cells were used for transient transfection experiments and a fraction of cells was separated to be induced to differentiate. The Fedora culture was divided in two groups 7 days before transfection: the controls and the cells induced to differentiate by addition of 1 mM of alltrans-retinoic acid (Sigma, Aldrich). Transient cotransfections in K562 and Fedora cells were performed by lipofectin using different luciferase reporter constructs in association with normalizing pCMV-b-galactosidase vector (Clontech, Palo Alto, CA, USA). Two wells were used for every sample in each experiment. Five mg of each plasmid and 10 ml lipofectin were dissolved in 100 ml medium each (without FBS and antibiotics). Subsequently, the two solutions were mixed and incubated for 30 min at room temperature. The cell culture medium was replaced by 2 ml medium without FBS and induction factors. After 30 min at 378C this medium was replaced by the DNA/lipofectin mixture, which was further diluted with 0.8 ml medium. Sixteen h later, the transfection medium was replaced with normal medium with or without differentiation factor (5 mM sodium butyrate for K562 and 2 mM all-trans-retinoic acid for Fedora). After 24 h, the medium of differentiating K562 was replaced by RPMI supplemented with 10% FBS and 5 mM of sodium butyrate. After a further incubation of 48 h, the cells were lysed using 250 ml reporter lysis buffer (Promega Corporation, Madison, WI, USA). In order to confirm the cell differentiation, aliquots were harvested before and after the butyrate and retinoic acid induction, cytosmears were prepared with a cytocentrifuge, stained by the standard May-Grünwald and Giemsa solutions and analyzed under microscope.
Luciferase activity was measured using the Luciferase Assay system (Promega), in a luminometer (TD-20/20, Turner Designs Instrument, Sunnyvale, CA, USA). B-galactosidase activity was determined by spectrophotometry, using o-nitrophenyl-b-D-galactopyranoside as substrate (Rocancourt et al., 1990) . The luciferase activity was calculated by dividing the relative light units (RLU) value by the optical density (OD) of the b-Gal colorimetric reaction (in order to normalize for transfection efficiency). The activity was determined in relation to the expression of the pGL-2 control plasmid (positive control) in cell extracts normalized for b-galactosidase activity. One positive and two negative controls were included: (1) transfection with the pGL2-basic vector, containing the luciferase gene, but lacking any promoter and enhancer; (2) transfection with the pCMV-b-galactosidase plasmid only, and (3) transfection with pGL2-control containing the SV40 promoter and enhancer.
